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Rpa34 and Rpa49 are nonessential subunits of RNA polymerase I, conserved in species from Saccharomyces
cerevisiae and Schizosaccharomyces pombe to humans. Rpa34 bound an N-terminal region of Rpa49 in a
two-hybrid assay and was lost from RNA polymerase in an rpa49 mutant lacking this Rpa34-binding domain,
whereas rpa34� weakened the binding of Rpa49 to RNA polymerase. rpa34� mutants were caffeine sensitive,
and the rpa34� mutation was lethal in a top1� mutant and in rpa14�, rpa135(L656P), and rpa135(D395N) RNA
polymerase mutants. These defects were shared by rpa49� mutants, were suppressed by the overexpression of
Rpa49, and thus, were presumably mediated by Rpa49 itself. rpa49 mutants lacking the Rpa34-binding domain
behaved essentially like rpa34� mutants, but strains carrying rpa49� and rpa49-338::HIS3 (encoding a form
of Rpa49 lacking the conserved C terminus) had reduced polymerase occupancy at 30°C, failed to grow at 25°C,
and were sensitive to 6-azauracil and mycophenolate. Mycophenolate almost fully dissociated the mutant
polymerase from its ribosomal DNA (rDNA) template. The rpa49� and rpa49-338::HIS3 mutations had a dual
effect on the transcription initiation factor Rrn3 (TIF-IA). They partially impaired its recruitment to the rDNA
promoter, an effect that was bypassed by an N-terminal deletion of the Rpa43 subunit encoded by rpa43-35,326,
and they strongly reduced the release of the Rrn3 initiation factor during elongation. These data suggest a dual
role of the Rpa49-Rpa34 dimer during the recruitment of Rrn3 and its subsequent dissociation from the
elongating polymerase.

Fast-growing Saccharomyces cerevisiae and Schizosaccharo-
myces pombe cells mobilize some 70% of their transcriptional
capacity to produce the 6.8-kb precursor of the 18S, 5.8S, and
25S rRNAs by transcribing the highly repeated ribosomal
DNA (rDNA) locus (44, 50). Genetic studies (43) have estab-
lished that this is the only role or, at least, the only essential
role of yeast RNA polymerase I (Pol I). rDNA transcription
starts with the binding of Pol I to its specificity factor Rrn3 (7,
39–41, 48, 57). The Rrn3-Pol I dimer is then directed to a
preinitiation complex residing at the rDNA promoter region.
This complex combines the TATA box-binding protein (also
operating in the Pol II and Pol III systems) with the core and
upstream activation factors that are specific to the Pol I system
(31, 32). In mammals, Pol I first binds transcription initiation
factor IA, akin to Rrn3 and functionally interchangeable with
that protein in vivo (7, 40, 41). The Pol I-transcription initia-
tion factor IA dimer is then targeted to the rDNA promoter by
interacting with SL1, a factor made of the TATA box-binding
protein associated with four protein subunits, TAFI95,
TAFI68, TAFI48, and TAFI41 (11, 22, 23, 40, 59); TAFI68 is
distantly related to the yeast core factor at the level of the core
factor’s Rrn7/TAFI68 subunit (9). Pol I is also associated with

the upstream binding factor (UBF; mammals) and Hmo1
(yeast) HMG box proteins, which stimulate rDNA transcrip-
tion by a still poorly understood mechanism (19, 46, 52).

Pol I has 14 polypeptide subunits in S. cerevisiae (20, 27) and
S. pombe (2, 28). Five of these subunits, including the two
largest ones, are akin to the bacterial core enzyme (58). Seven
others are related or even identical to subunits of the Pol II
and Pol III core structures (1, 16, 29) and are homologous to
archaeal RNA polymerase subunits (35, 55). Rpa49 and
Rpa34, on the other hand, are Pol I-specific subunits with
unknown functions (20, 36) that are also homologous to
PAF53 and PAF49 in the mammalian Pol I system (47, 56). We
show here that these subunits bind each other in the Pol I
structure and play an important role in transcription by im-
proving the recruitment of the Rrn3-Pol I complex to the
rDNA and by triggering the release of Rrn3 from the elongat-
ing Pol I.

MATERIALS AND METHODS

Tables listing the plasmids, yeast strains, and DNA primers used in this study
are included in the supplemental material. Yeast strains were constructed by
meiotic crossing, DNA transformation, and plasmid shuffling through selection
on fluoroorotic acid (FOA) medium with 0.1% 5-fluoroorotate (8). Null alleles
with KanMX4 insertions were obtained from EUROSCARF (http://web.uni
-frankfurt.de/fb15/mikro/euroscarf/index.html) and were checked by ad hoc PCR
amplifications. The rpa135(D395N) and rpa135(L656P) alleles were isolated
after UV mutagenesis of the rpa34::HIS3 strain OG1-1C transformed by plasmid
pOG1-A34 (20) and were selected by a method based on the lack of white
sectoring in the UV-mutagenized clones (33), which signals their inability to lose
pOG1-A34, therefore indicating that the rpa34::HIS3 allele is now essential for
growth.

Newly constructed plasmids were prepared from PCR-amplified DNA. In
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dex F-91191, France. Phone: 33 1 69 08 35 86. Fax: 33 1 69 08 47 12.
E-mail: pierre.thuriaux@cea.fr.

† Supplemental material for this article may be found at http://mcb
.asm.org/.

� Published ahead of print on 17 December 2007.

1596



most cases, we used the Gateway cloning system with previously described
destination vectors (54). All inserts were resequenced to detect spurious muta-
tions generated by DNA amplification. Chimeras including the Rpa43 coding
sequences of S. cerevisiae and S. pombe were constructed by overlap extension
PCR using Pfu DNA polymerase. Primer sequences are available upon request.

Chromatin immunoprecipitation (ChIP) assays were systematically done on
three independent cultures of 100 ml harvested at an A600 of 0.6, with slight
modifications of a previously described experimental protocol (34) and with the
rDNA primers listed in the tables in the supplemental material. Yeast cells were
cultivated in yeast extract-peptone-dextrose (YPD) medium, except in experi-
ments involving mycophenolate, in which we used synthetic dextrose medium
supplemented with histidine, arginine, tryptophan, and adenine sulfate, each at
20 mg/liter, and leucine and lysine, each at 30 mg/liter (SD�aa medium). rDNA
copy numbers were estimated by comparing the kinetics of PCR amplification on
rDNA primers and on PYK1 primers used as a single-gene control, giving an
average value (� the standard deviation) of 186 � 54 copies.

RESULTS

The Pol I-specific subunits Rpa49 and Rpa34 bind each
other in two-hybrid assays. Viable rpa49� mutants fail to grow
at 25°C and are sensitive to mycophenolate, and the rpa49�
mutation is lethal in cells lacking the nonessential Rpa14 sub-
unit or the HMG box protein Hmo1 (13, 19, 20, 36). Rpa49 has
close homology to the human PAF53 protein (Fig. 1) and can
be replaced in vivo by Rpa51, its S. pombe counterpart (42). A
homology search revealed a gene for an Rpa49-like product in
most eukaryotic genomes, with conserved motifs scattered over
the entire subunit. In particular, all Rpa49-like subunits con-
tain a highly conserved C-terminal domain, located between
positions 326 and 371 in S. cerevisiae (detailed sequence align-
ments are provided in Fig. S1 in the supplemental material).

FIG. 1. Properties of the Rpa49 subunit. (A) Homology between Rpa49 (S. cerevisiae) and its S. pombe (Rpa51) and human (PAF53) counterparts,
shown by Blosum 62 matrices drawn at a 5/35 stringency. H. sapiens, Homo sapiens. (B) Two-hybrid screening with Gal4BD-Rpa34. Six Gal4AD-Rpa49
plasmids were isolated by genome-wide screening of a previously described two-hybrid library (17) by using Gal4BD-Rpa34. Vertical lines denote the limits
of the RPA49 inserts. �-Galactosidase (�-Gal) was tested as previously described (17). Data are shown for the Gal4AD::RPA49(36,119) plasmid and for
a reciprocal two-hybrid interaction between Gal4BD-Rpa34 and Gal4AD-Rpa49. The RPA49 open reading frame is shown with gray boxes representing
four conserved parts of Rpa49, corresponding to positions 60 to 89, 128 to 154, 201 to 216, and 326 to 371 in S. cerevisiae (see Fig. S1 in the supplemental
material). (C) Deletion mapping of the Rpa34-interacting domain on Rpa49. N-terminal and C-terminal deletion forms of Rpa49 were cloned as Gal4BD
fusions into the pVV213 vector (54) and tested against Gal4BD-Rpa34 in a two-hybrid assay.

FIG. 2. Association of Rpa34 and Rpa49 with Pol I in rpa34� or rpa49
mutants. ChIP assays were done on three independent cultures (comprising
100 ml of YPD) harvested at an A600 of 0.6. Pol I was revealed by polyclonal
anti-Rpa190 and anti-Rpa34 or anti-Rpa49 rabbit antibodies (49). DNA
occupancy was defined by the ratio between the immunoprecipitation (IP)
signal and the DNA input (IN) signal. The diagram at the bottom shows the
approximate positions of the primers used for reverse transcription-PCR
(RT-PCR) amplification. Arrows denote the start sites and transcription
orientations of the 5S and 35S rRNA transcripts. NTS1 and NTS2, nontran-
scribed spacers 1 and 2; nt, nucleotides. (Left panels) Effect of rpa49 muta-
tions on the binding of Rpa34 to Pol I. Strain D704-6C was transformed with
pVV200 plasmids bearing the mutant (rpa49-119,416) and wild-type (WT)
RPA49 alleles. (Right panels) Effect of rpa34� on the binding of Rpa49 in
YPH499 (WT) and T4-1C (rpa34�).
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Proteins distantly related to Rpa34 have also been identified in
fission yeast, mice, and humans (2, 47). However, their se-
quence homology is restricted to two short conserved domains
and to C-terminal KKE/D repeats often found in nucleolar
proteins (21), and the mammalian subunit (PAF49) is much
larger than its fungal counterpart (see Fig. S2 and S3 in the
supplemental material).

Rpa49 and Rpa34 were fused to the binding domain of Gal4
(Gal4BD) and tested for two-hybrid interactions in a genome-

wide screen based on a library of genomic fragments fused to
the Gal4 activation domain (Gal4AD) (17, 18). The Gal4BD-
Rpa49 screen yielded two Gal4AD clones encoding the entire
Rpa34 subunit, whereas the Gal4BD-Rpa34 fusion yielded six
clones with products overlapping between positions 63 and 119
of Rpa49 (Fig. 1A). Subunits with N-terminal deletions (en-
coded by rpa49-63,416, rpa49-89,416, and rpa49-119,416) and
C-terminal deletions (encoded by rpa49-1,260 and rpa49-1,366)
were also fused to pVV213, a Gal4BD fusion vector based on a

FIG. 3. Growth phenotypes of RNA Pol I mutants. (A) Sensitivity of RNA Pol I mutants to low temperature (25°C), mycophenolate (MPA),
and 6-azauracil (AZA). Strains YPH499 (wild type [WT]), D704-6C (rpa49�), D360-1A (rpa14�), T4-1C (rpa34�), OG36-1A [rpa135(L656P)],
SL46-1D [rpa135(D395N)], SL9-2C (rpa12�), and D101-CHIM2 (rpa43-chim2) were serially diluted and spotted onto YPD and onto synthetic
complete medium lacking uracil but containing mycophenolate (10 �g/ml) or 6-azauracil (20 �g/ml). Plates were incubated for 3 days at 30°C. The
box on the right summarizes the synthetic growth defects seen in rpa14� and top1� strains as monitored by plasmid shuffle tests (8) based on the
counterselection of URA3 centromeric plasmids (with RPA12, RPA14, RPA34, or RPA49) on FOA medium. Lethality is indicated by a minus sign.
Mutant strains that grew on FOA were streaked onto YPD for 3 days at 30°C. The � and (�) symbols denote a growth pattern identical or partially
impaired relative to that of the corresponding wild-type control tested before the FOA chase. (B) Suppression of the caffeine sensitivity of the
rpa34� mutant by RPA49 overexpression. The YPH499 wild type (WT), the isogenic mutant strain T4-1C (rpa34�), and T4-1C transformed with
pGEN-A49 (rpa34� 2� RPA49) were spotted onto YPD and onto YPD with caffeine at 1 g/liter and grown for 3 days at 30°C. (C) Suppression
of rpa34� synthetically lethal defects by RPA49 overexpression. Strains OG1-L656P [rpa135(L656P) rpa34�], OG1-D395N [rpa135(D395N)
rpa34�], and OG17-1C (top1� rpa34�) bearing the pOG1-A34 plasmid (2�m RPA34 URA3) were transformed with pGEN-A49 (2�m RPA49
TRP1) by using pGEN as an empty vector control (�). Suppression was detected by a plasmid shuffle assay on FOA, as described above.
(D) Suppression of the rpa14� rpa34� synthetic lethality by RPA49 overexpression. Strains Y11277 (rpa34�::KanMX4) and D360-1A (rpa14�::
HIS3) were crossed and transformed with pSLA49 (2�m RPA49 URA3), and meiotic tetrads were isolated by microdissection. The results
presented show a tetratype with two parental and two recombinant segregants after replica plating onto 5-FOA, demonstrating that the rpa14�
rpa34� strain (white frame) is unable to lose pSLA49. (E) Synthetic lethality of rpa49� with the RRN3::RPA43 fusion. Strains D781-10B [(RPA49
rpa43�)/2�m TRP1 RRN3::RPA43/CEN URA3 RPA43] and D780-6D [(rpa49� rpa43�)/2�m TRP1 RRN3::RPA43/CEN URA3 RPA43] were tested
for their ability to lose the YCpA43-12 (CEN URA3 RPA43) plasmid by using a plasmid shuffle assay on FOA. The white frame around the
D780-6D replica indicates the inability to lose YcpA43-12 in the rpa49� context.
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Gateway cassette. This new round of two-hybrid assays, done
with a slightly different vector, confirmed that the interaction
between Gal4BD-Rpa34 and Gal4BD-Rpa49 was lost through
the deletion of the N terminus of Rpa49 and was insensitive to
C-terminal deletions (Fig. 1B).

The genome-wide screening performed with Gal4BD-Rpa34
also yielded two Top1 clones (suggesting that the synthetic
lethality of rpa34� and top1� [20] may involve direct Top1-
Rpa34 binding) and four clones encoding Gno1 (two isolates),
Nop56, and Nop58. Like Rpa34, these three proteins are nu-
cleolar and contain KKD/E repeats that are commonly en-
countered in nucleolar proteins. Gno1 contributes to the first
cleavage steps of pre-rRNA processing (24). Nop56 and Nop58
are components of the U3 ribonucleoprotein complex required
for 18S rRNA biogenesis (14).

The N-terminal part of Rpa49 enables Rpa34 to bind Pol I.
A Pol I subform lacking Rpa34 and Rpa49 is catalytically active
on nonspecific DNA templates and can be chromatographi-
cally separated from the 14-subunit enzyme (27). Moreover,
Rpa49 dissociates from a highly purified preparation of Pol I in
rpa34� mutants (20), suggesting that Rpa49 and Rpa34 may
stabilize each other within the Pol I structure. We further
investigated this point by ChIP assays of rpa49 mutants. As
shown in Fig. 2, Rpa34 was entirely lost from the rDNA-bound
Pol I in an N-terminal deletion mutant (rpa49-119,416) lack-
ing the putative Rpa34-binding domain. A fortiori, it was
also lost in rpa49� mutants, which also displayed an overall
reduction in the amount of Pol I residing on rDNA (as
detected by anti-Rpa190 antibodies), consistent with the
slow growth of these mutants at 30°C. rpa34�, on the other
hand, slightly reduced the Rpa49 signal but had no effect on
Pol I itself, in keeping with the wild-type growth rate of
rpa34� mutants (Fig. 2).

The adverse phenotypes of rpa34� mutants are suppressed
by Rpa49 overexpression. Unlike rpa49�, rpa34� caused no
growth defect in its own right, and rpa34� mutants were not
particularly sensitive to mycophenolate or 6-azauracil (Fig.
3A). Like rpa49� mutants, however, rpa34� mutants were sen-
sitive to caffeine (trimethylxanthine), and the mutation was
synthetically lethal with rpa14� and top1� (Fig. 3B and C). It
should be noted that we previously obtained a viable top1�
rpa49� double mutant (20), but further analysis has now shown
that this was an exceptional case, almost certainly due to some
unrecognized suppression.

Using an ad hoc procedure to select mutations that were
synthetically lethal with rpa34� (see Materials and Methods),
we obtained two additional Pol I mutants, the rpa135(L656P)
and rpa135(D395N) strains. These mutants grew like the wild
type but were moderately [rpa135(D395N)] or strongly
[rpa135(L656P)] sensitive to mycophenolate and 6-azauracil.
The rpa135(L656P) and rpa135(D395N) mutations were also
lethal with rpa49�, but this synthetic lethality was specific to
the Rpa49 subunit since strains carrying the rpa135(L656P)
and rpa135(D395N) mutations combined with rpa12� and
rpa14� were viable (Fig. 3A and B). Intriguingly, the rpa135-
(L656P) mutation corresponds to a highly conserved position
shared by the archaeal and eukaryotic polymerases, and this
conservation extends to bacteria in the case of position D395
(Fig. 4). The equivalent positions belong to the lobe and ex-

ternal domains of the yeast Pol II crystal structure (12) and are
fairly close to the Rpb9 subunit paralogous to Rpa12.

rpa34� mutants, therefore, had a wild-type growth pattern
but were sensitive to caffeine and presented a small number of
synthetically lethal defects shared with rpa49� mutants. Impor-
tantly, all the currently identified phenotypes associated with
the rpa34� mutation were suppressed when Rpa49 was over-
expressed from a multicopy plasmid (Fig. 3C). Together with
the above-cited data showing that rpa34� slightly reduced the
Rpa49 ChIP signal, these observations argue that Rpa34 alters
the spatial organization of the corresponding Rpa49, therefore
stabilizing this subunit in the Pol I structure, and that this
activity accounts for all the adverse effects currently associated
with rpa34�. It should be noted that previous large-scale
screening for synthetically lethal yeast mutations had suggested
that Rpa34 might contribute to cell wall synthesis, due to
synthetic lethality occurring with rpa34� in chitin synthase-
defective mutants (53). However, we were unable to reproduce
these observations.

The conserved C terminus of Rpa49 is critical in vivo. Rpa49
mutants were constructed by progressive N- and C-terminal
deletions (Fig. 5A). Deleting the first 89 amino acids of Rpa49
(rpa49-63,416 and rpa49-89,416) had no adverse effects under
any conditions tested, despite the strongly conserved motif
between positions 60 and 90 (see Fig. S1 in the supplemental
material). The rpa49-119,416 mutation, which removed the
next 20 amino acids, also produced a wild-type phenotype but

FIG. 4. Positions of the rpa135(D395N) and rpa135(L656P) muta-
tions as deduced from the Pol II structure. Local sequence alignments
are shown for the second-largest subunit of the three yeast RNA
polymerases, for the corresponding archaeal subunits of Methanocal-
dococcus jannaschii (MjB� and MjB�), and for the � subunit of Ther-
mus aquaticus (Taq �). Two views of the Pol II spatial structure
(Protein Data Bank coordinate 1WCM) are provided, showing the
positions of Rpa12 (blue ribbons) and of the lobe and external folds.
Asterisks indicate mutant positions.
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was nearly lethal with rpa14�, consistent with the data dis-
cussed above (Fig. 2) showing that Pol I was unable to recruit
the Rpa34 subunit in the rpa49-119,416 mutant. We then
turned to the rpa49-338::HIS3 strain, a previously described
mutant (36) with a C-terminal insertion of the sequence en-
coded by the HIS3 cassette. This mutant forms a truncated
Rpa49 lacking the highly conserved C-terminal domain men-
tioned above (see Fig. S1 in the supplemental material). Since
the truncated Rpa49 subunit is still stably incorporated into the
multisubunit structure of RNA Pol I (36), the defects associ-
ated with rpa49-338::HIS3 directly result from the absence of
the Rpa49 C terminus.

The rpa49� and rpa49-338::HIS3 mutations produced the
synthetically lethal defects and caffeine sensitivity mentioned
above for rpa34� mutants but also engendered many pheno-
types of their own, causing an almost complete lack of growth
at 25°C, strong sensitivity to mycophenolate and 6-azauracil,
and synthetic lethality with hmo1� (Fig. 5A). A mutant with a
somewhat shorter C-terminal deletion, corresponding to rpa49-1,
366, also failed to grow at 25°C but had slightly milder drug

sensitivity, and a strain carrying rpa49-1,366 and hmo1� was
viable. The importance of the Rpa49 C-terminal domain was
also underscored by results from ChIP assays showing strongly
reduced Pol I occupancy of rDNA in rpa49� and rpa49-1,366
mutants (Fig. 5B).

rpa49� and rpa49-338::ITHIS3 have a dual effect on the
recruitment and release of Rrn3. Earlier ChIP assays have
shown that Rrn3 is present on the rDNA promoter but not on
the rDNA 3� end, as befits a Pol I-associated initiation factor
(5). Using Rrn3-hemagglutinin (HA)-tagged strains, we
showed that Rrn3 was strictly restricted to the promoter re-
gion. The rpa43-chim2 strain, a slow-growing mutant express-
ing a form of Rpa43 constructed by domain swapping with the
S. pombe subunit (F. Beckouet, S. Labarre-Mariotte, Y. Nogi,
and P. Thuriaux, unpublished results), exhibited strongly re-
duced Rrn3-HA occupancy at the rDNA promoter (Fig. 6A)
but little or no effect on the Rrn7 and Rrn9 subunits of the core
and upstream activating factors. This finding further supports
earlier data showing that Rpa43 is specialized in transcription
initiation and that Rrn3 needs to bind Rpa43 in order to be

FIG. 5. Mutagenesis of RPA49. (A) Growth defects of rpa49 mutants. Strain D704-7C (rpa49�) was transformed with pVV200 plasmids (54)
bearing the relevant wild-type sequences and rpa49 mutations corresponding to progressive N- and C-terminal deletions. Plasmid pVV214 was used
as an empty vector control. Strain 49::HIS3 (see the tables in the supplemental material) was used to test the rpa49-338::HIS3 allele, in which the
HIS3 insertion interrupts the Rpa49 coding sequence at H338 with a sequence encoding a GSAARSCSLACT extension beyond H338 (36). Four
gray boxes represent conserved parts of Rpa49 (Fig. 1). Yeast cultures were serially diluted and spotted onto YPD (at 25 and 30°C and at 30°C
with 1 g of caffeine [CAF]/liter) and synthetic complete medium with or without mycophenolate (MPA) at 20 �g/ml. Plates were incubated at 30°C
for 3 days. The synthetic lethality of rpa49 mutations was tested in strains D699-13C (rpa14� rpa49�) and D684-2B (hmo1� rpa49�) bearing the
pFB74 (RPA49 URA3) plasmid and transformed with the same plasmids indicated above. The resulting transformants were replica plated onto
FOA medium to chase pFB74. Synthetically lethal effects were revealed by the lack of growth on FOA (8). In the case of rpa49-338::HIS3, synthetic
lethality was deduced from meiotic crosses based on 12 tetrads. Lethality is indicated by a minus sign. (�) indicates very slow growth. The � and
(�) symbols denote a growth pattern identical or partially impaired relative to that of the corresponding wild-type control. (B) Effect of rpa49
mutations on rDNA occupancy by Pol I. ChIP assays were done on D704-6C (rpa49�) transformed with the appropriate pVV200-derived plasmids.
Pol I was revealed by polyclonal anti-Rpa190 rabbit antibodies (49). DNA occupancy was defined by the ratio between the immunoprecipitation
(IP) signal and the DNA input (IN) signal. The diagram below shows the approximate positions of the primers used for RT-PCR amplification
(see the tables in the supplemental material). Arrows denote the start sites and transcription orientations of the 5S and 35S rRNA transcripts. WT,
wild type; NTS1 and NTS2, nontranscribed spacers 1 and 2.
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recruited to the rDNA promoter region as a preformed Rrn3-
Pol I complex (34, 48, 57). Rrn3 appears to be released from
rDNA (and therefore from Pol I) at the onset of transcription,
although we cannot rule out that it undergoes a dramatic
change in conformation that masks the Rrn3-HA tag at elon-
gation. These two possibilities cannot be distinguished in ChIP
assays, but the in vitro data of Bier et al. (5) strongly argue that
Rrn3 no longer binds the elongating Pol I.

Turning to the rpa49� and rpa49-338::HIS3 mutants, we also
found the Rrn3-HA signal at the promoter to be decreased,
but much less so than that in the rpa43-chim2 strain. However,
in contrast to the Rrn3 in the wild-type or rpa43-chim2 strain,
a substantial fraction of the Rrn3 in the rpa49� and rpa49-338::
HIS3 mutants remained bound to the elongating Pol I, with a
decreasing signal toward the 3� end of the transcript. The core
and upstream activating factors (Rrn7-HA and Rrn9-HA), on
the other hand, were still restricted to the promoter domain
(as shown in Fig. 6B for Rrn7-HA). Intriguingly, rpa49� and
rpa49-338::HIS3 were lethal when Rpa43 was replaced by an
Rrn3-Rpa43 fusion in which Rrn3 was, by construction, per-
manently associated with the elongating Pol I (34) and
which was previously shown to yield a viable strain when
introduced into a wild-type background (data for rpa49� are
shown in Fig. 7C).

The data cited above suggest that rpa49� and rpa49-338::
HIS3 have a dual effect on Rrn3, partially reducing its associ-
ation with the rDNA promoter but also impairing its release
from the elongating Pol I. We therefore anticipated that con-
ditions dissociating Pol I from its rDNA template should also
dissociate the Pol I-bound Rrn3 of rpa49� and rpa49-338::
HIS3 mutants, and we exploited the effect of mycophenolate
on the elongating Pol I to test this possibility. As shown in Fig.
7, mycophenolate increased the Pol I signal seen at the rDNA
promoter region, which may be due to a lower rate of elonga-
tion, and progressively decreased the amount of rDNA-bound
Pol I as the Pol I moved toward the 3� end of the rDNA,
indicating a processivity defect similar to the one recently de-
scribed for Pol II (38). In contrast, mycophenolate had no
effect on Rrn3 occupancy, indicating that Rrn3 leaves the pro-
moter before or shortly after the start of transcription (Fig. 8,
right panels).

rpa43-chim2 and rpa12� strains responded essentially like
the wild type when treated with mycophenolate (Fig. 7), con-
sistent with their normal (rpa43-chim2) and mildly increased
(rpa12�) drug sensitivities in vivo. However, a very different

FIG. 6. Effect of RNA Pol I mutations on Rrn3-HA and Rrn7-HA
occupancy. (A) Rrn3 occupancy in rpa43-chim2, rpa49�, and rpa49-338::
HIS3 strains. ChIP assays were done on strain SL97-17C (rpa43� Rrn3-
HA) bearing plasmid pGEN-A43 (wild type [WT]) or pGA43-chim2
(rpa43-chim2) and strains SL112-1C (rpa49�) and D612-5A (rpa49-338::
HIS3) by using the same conditions described above. Rrn3-HA was
revealed with anti-hemagglutinin A mouse antibody (12CA5). A sche-
matic representation of the rpa43-chim2 strain is shown below. Num-
bers denote amino acid positions and correspond to the limits of the
domains swapped between S. cerevisiae and S. pombe. IP, immunopre-
cipitation signal; IN, DNA input signal. (B) Rrn7 occupancy. ChIP
assays were done on strains SL105-7A (rpa43� Rrn7-HA) and
SL111-4A (rpa49� Rrn7-HA) bearing the same plasmids and under
the same conditions described above.

FIG. 7. Effect of mycophenolate (MPA) on wild-type (WT),
rpa12�, and rpa43-chim2 strains. Cells were cultivated in SD�aa me-
dium until they reached an A600 of 0.2, treated (or left untreated) with
20 �g of mycophenolate/ml, and further grown for 30 min. In the case
of Pol I, ChIP assays were done on strains SL97-17C [(rpa43::LEU2
Rrn3-HA)/YCPA43], used here as the wild-type control, SL9-2C
(rpa12�), and D101-chim2 (rpa43-chim2). Pol I was revealed by poly-
clonal anti-Rpa190 rabbit antibodies (49). Five additional primers (5,
6, 7, 9, 10) were used for RT-PCR amplification and are listed in the
tables in the supplemental material. The diagram at the bottom shows
the approximate positions of the primers used for RT-PCR amplifica-
tion (see the tables in the supplemental material). Arrows denote the
start sites and transcription orientations of the 5S and 35S rRNA
transcripts. SC, synthetic complete medium; IP, immunoprecipitation
signal; IN, DNA input signal; NTS1 and NTS2, nontranscribed spacers
1 and 2.
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response by rpa49� and rpa49-338::HIS3 mutants was seen
(Fig. 8, left panels). These mutants were strongly sensitive to
mycophenolate, and their Pol I was almost entirely absent from
rDNA after 30 min of exposure to this drug. In addition, and
in sharp contrast to the wild-type situation, there was a massive
loss of Rrn3, even at the promoter region, supporting the view
that Rrn3 and Pol I were physically associated in these mutants
and that Rrn3 was therefore lost together with Pol I itself
(Fig. 8, right panels). As a control, these assays were also
done with a strain carrying rpa135(L565P), shown as de-
scribed above to cause sensitivity to mycophenolate and to
be synthetically lethal with rpa49� and rpa49-338::HIS3. As
shown in Fig. 8 (lower panels), there was an almost com-
plete loss of Pol I in rpa135(L565P) cells exposed to myco-
phenolate, but Rrn3 remained bound to the rDNA pro-
moter, as in the wild type.

An rpa43 mutation suppresses the cold-sensitive defect of
rpa49 mutants. In the course of this study, we observed that

the rpa43-35,326 mutation, yielding a wild type-like mutant
with a deletion of the nonconserved N terminus of Rpa43
(Beckouet et al., unpublished), acted as a gain-of-function
mutation suppressing the cold sensitivity of rpa49 mutants
(Fig. 9, upper panels). Consistent with this suppression, Pol
I occupancy was restored to a nearly wild-type level, which
coincided with better Rrn3 occupancy. However, rpa43-
35,326 had little or no effect on the mycophenolate sensi-
tivity of rpa49 mutants and did not change their defective
Rrn3 release (Fig. 9, lower panels). These data further ar-
gue that rpa49� and rpa49-338::HIS3 have a dual effect on
Rrn3, interfering with its recruitment during transcription
initiation and preventing its release from the elongating Pol
I. The former defect was suppressed by rpa43-35,326, thus
possibly reflecting a direct interaction of Rpa49 with the N
terminus of Rpa43. The defect in Rrn3 release, on the other
hand, was independent of rpa43-35,326 and correlated with
strong sensitivity to mycophenolate.

FIG. 8. Effect of mycophenolate (MPA) on rpa49�, rpa49-338::HIS3, and rpa135(L656P) mutants. (Left panels) Effect on Pol I (Rpa190) in
wild-type (WT), rpa49�, rpa49-338::HIS3, and rpa135(L656P) strains. Cells were cultivated in SD�aa medium until they reached an A600 of 0.2,
treated (or left untreated) with 20 �g of mycophenolate/ml, and further grown for 30 min. ChIP assays were done on strains SL97-17C [(rpa43::
LEU2 Rrn3-HA)/YCPA43], used here as the wild-type control, SL112-1C (Rrn3-HA rpa49�), SL107-3b (Rrn3-HA rpa49-338::HIS3), and
OG36-1a [rpa135(L656P)]. Pol I was revealed by polyclonal anti-Rpa190 rabbit antibodies (49). (Right panels) Effect on Rrn3-HA. Cells were
cultivated in SD�aa medium until they reached an A600 of 0.2, treated (or left untreated) with 20 �g of mycophenolate/ml, and further grown for
30 min. ChIP assays were done on strains SL97-17C [(rpa43::LEU2 Rrn3-HA)/YCPA43], used here as the wild-type control, SL112-1C (Rrn3-HA
rpa49�), SL107-3b (Rrn3-HA rpa49-338::HIS3), and D769-2C [Rrn3-HA rpa135(L656P)]. Rrn3-HA was revealed with anti-hemagglutinin A
mouse antibody (12CA5). SC, synthetic complete medium; IP, immunoprecipitation signal; IN, DNA input signal.
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DISCUSSION

Rpa49 and Rpa34 are noncatalytic components of Pol I (27),
and their genetic inactivation in S. cerevisiae yields viable
strains (20, 36). However, rpa49� mutants have severe growth
defects (19, 20), and the rpa49� mutation was identified in
genome-wide screening for mycophenolate-sensitive mutants
(13), a first clue to the importance of Rpa49 for transcript
elongation. We found here that Rpa34 and Rpa49 specifically
interacted in a two-hybrid assay, which assigned the main
Rpa34-binding domain to the N-terminal part of Rpa49. This
binding may recruit Rpa34 onto Pol I, as this subunit was lost
from Pol I in rpa49 mutants lacking the binding domain.
rpa34� had only a minor effect on the association of Rpa49
with Pol I, suggesting that Rpa49 directly binds the Pol I core
structure. Previous data suggested that Rpa34 and Rpa49 do
not make contact with each other in the Pol I envelope (6), but
results from recent structural studies support the idea that
Rpa34 directly binds Rpa49, and modeling data also suggest
that this binding operates at the level of the N-terminal domain
of Rpa49 (33a). In S. pombe, the C terminus of the Rpa49-like
subunit is critical in vivo (42), and we found here that a strain
carrying rpa49-338::HIS3, a premature-termination mutation
removing the last 28 amino acids of Rpa49, behaved like the
rpa49� null mutant. The most important part of the Rpa34-
Rpa49 dimer, therefore, appears to be the C terminus of
Rpa49, which is strongly conserved in all eukaryotes.

Our data indicate a dual effect of rpa49� and rpa49-338::
HIS3 on the recruitment of Rrn3 and on its binding to the
elongating Pol I. These two phenotypes were genetically dis-
sociated by rpa43-35,326, encoding an N-terminal deletion of

the Rpa43 subunit which specifically suppressed the recruit-
ment defect and also corrected the cold-sensitive growth defect
of rpa49� and rpa49-338::HIS3 mutants. This suppression im-
plies that Rpa43 and Rpa49 cooperate to load Pol I-Rrn3 onto
the rDNA promoter but does not necessarily call for direct
physical interaction between these two subunits. It may be, for
example, that Rpa49 favors the recruitment of the Pol I-Rrn3
complex by interacting with the core factor. Importantly,
rpa43-35,326 had no effect on the mycophenolate sensitivity of
rpa49� and rpa49-338::HIS3 mutants and did not affect their
defective release of Rrn3. However, the rpa49� and rpa49-338::
HIS3 mutations were lethal in strains carrying an RRN3::RPA43
fusion product in which Rrn3 was, by construction, perma-
nently associated with the elongating Pol I. Moreover, they
were synthetically lethal with top1� (yielding a strain lacking a
type I DNA topoisomerase) or hmo1�, a mutation inactivating
Hmo1, an HMG box protein residing on rDNA (19, 25), and
these results suggest that the progression of the mutant Pol I
strongly depends on the topology (Top1) or spatial organiza-
tion (Hmo1) of rDNA. The findings of a recent study (Kuhn et
al., submitted) also indicate that a Pol I form lacking Rpa34
and Rpa49 has elongation defects in vitro.

rpa34� produced no growth defect of its own and led only to
synthetically lethal effects that were shared by rpa49� and were
suppressed by the overexpression of Rpa49. These findings
raise the question of whether Rpa34 has any role other than to
stabilize Rpa49 in the Pol I structure, thus optimizing the
biological role of that subunit. Indeed, the two-hybrid interac-
tion found here between Rpa34 and three other nucleolar
proteins, Gno1, Nop56, and Nop58, tentatively suggests that

FIG. 9. Suppression of rpa49 mutations by an N-terminal deletion of Rpa43 (rpa43-35,326). (Upper panels) Strains D710-8A (rpa43� rpa49�)
and SL107-3B (rpa43� rpa49-338::HIS3) bearing the YCP43-12 (URA3 RPA43) plasmid were transformed with plasmids pGEN-RPA43 (TRP1
RPA43) and pFB63 (TRP1 rpa43-35,326). Transformants were replica plated onto FOA medium to chase YCP43-12, tested on YPD (25°C) and
synthetic complete medium with mycophenolate (MPA) at 0, 5, and 20 g/liter (30°C), and incubated for 3 days at 25°C, as described in the legend
to Fig. 3. Strain YPH500 was used as a wild-type (WT) control. (Lower panels) ChIP assays were done on strains SL97-17C (WT) and SL107-3b
(rpa49-338::HIS3) bearing plasmid pFB63 (rpa43-35,326) or pGEN-RPA43 (RPA43�) by using the same conditions described above, except that
cells were cultivated in SD�aa medium and were harvested at an A600 of 0.2. IP, immunoprecipitation signal; IN, DNA input signal.
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Rpa34 may have a function of its own by favoring the cotrans-
criptional recruitment of the pre-rRNA maturation machine to
the nascent transcript, since these putative partners intervene
in the early maturation of the 35S pre-rRNA (14, 21, 24).
Intriguingly, these proteins are also endowed with KKE/D
repeats, like Rpa34 itself, although the biological meaning of
these domains remains to be established.

Mammalian cells contain two Pol I-associated factors, PAF53
and PAF49, with strong homology to Rpa49 (PAF53) and
weaker homology to Rpa34 (PAF49) (26, 47). In vitro, PAF53
and PAF49 stimulate the faithful transcription of rDNA by Pol
I and may functionally and/or physically interact with UBF, an
HMG box protein associated with animal Pol I (3). The name
UBF, which stands for upstream binding factor, points to a role
in the preinitiation steps of rDNA transcription (3), but recent
evidence suggests that UBF contributes to promoter escape
(46) or may even modulate the progression of Pol I along its
rDNA template, since UBF actually binds the entire Pol I-tran-
scribed region (45, 51). rpa49� is suppressed by the overex-
pression of Hmo1, which is probably the yeast UBF (4, 19), and
is lethal in an hmo1� context. In other words, the existence of
Hmo1 explains why the rpa49� null allele still supports tran-
scription, albeit inefficiently. Hmo1 binds the whole Pol I-tran-
scribed unit and is also a Pol II factor that binds many mem-
bers of the ribosomal protein regulon (4, 25, 30). It is worth
noting that, in vitro, Hmo1 unwinds DNA in the presence of
DNA topoisomerase I (37) and that top1� and hmo1� are both
synthetically lethal with rpa49�. The functional interplay be-
tween Rpa49-Rpa34 and Hmo1 needs to be investigated more
thoroughly, but we would be surprised if it did not reflect a
conserved mechanism operating in species from yeast to hu-
mans.
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